The aim of this study was to investigate the association between regional macrolide resistance in Streptococcus pyogenes and macrolide use in Finland. During 1997-2001, a total of 50,875 S. pyogenes isolates were tested for erythromycin susceptibility in clinical microbiology laboratories throughout Finland. The local erythromycin resistance levels were compared with the regional consumption data of all macrolides pooled and, separately, with the use of azithromycin. The regional resistance rates of 1 year were compared with the regional consumption of the previous year and with the average rates of use for the 2 previous years. A linear mixed model for repeated measures was used in modeling the association. A statistically significant association existed between regional erythromycin resistance in S. pyogenes and consumption of macrolides; association with azithromycin use alone was not found.
The emergence of antimicrobial resistance poses a major challenge for the management of infections worldwide [1] . It is a generally accepted fact that antimicrobial consumption is a major promoter in the emergence and transmission of drug-resistant bacterial strains. There are, however, not many studies that have indisputably shown the connection. A great proportion of these are based on a relatively small number of tested strains or were performed within a relatively short time period. Moreover, most of the studies have been conducted in the hospital context, whereas larger, community-wide studies are relatively rare [2] [3] [4] [5] [6] [7] [8] [9] . It is necessary to find out more about the resistance-consumption relationship in community settings [7, 10] .
Macrolides are commonly used for treatment of respiratory infections, and they are recommended as second-line drugs for treating Streptococcus pyogenes infections. Macrolide resistance in S. pyogenes is, however, increasing in many countries [11] [12] [13] [14] [15] [16] [17] , which has been postulated to be caused by the use-or overuse-of macrolides. Furthermore, it has been found that azithromycin, which is a long-acting macrolide administered once per day, would select resistance more effectively than macrolides administered 3 times per day (erythromycin) or twice per day (clarithromycin and roxithromycin) [4, 9, 18] . In Finland, azithromycin use has stabilized over the past few years, and it now constitutes approximately one-third of total macrolide consumption (figure 1) [19] .
In our previous studies, we showed that regional outpatient erythromycin use in 1991 was linked to increased erythromycin resistance in S. pyogenes in Fin land in 1992 [2] and that, when macrolide consumption in outpatient therapy was reduced through national prescribing recommendations, there was a steady decrease in the frequency of erythromycin resistance among S. pyogenes isolates [3] . In this study, we investigated the relationship between regional erythromycin resistance in S. pyogenes in 1997-2001 and local macrolide use in Finland, with special reference to azithromycin use. Susceptibility testing was performed in participating laboratories by the use of the disk diffusion method paralleling the guidelines of the NCCLS [20] . Some of the laboratories used Iso-Sensitest agar (Unipath) as growth medium instead of Mueller-Hinton agar, which is recommended by the NCCLS as growth medium. All laboratories in the FiRe network par- ticipate in the quality-control programs of the National Public Health Services (Colindale, UK) or Labquality. Macrolide consumption. Data on the regional consumption of macrolides were obtained from the National Agency of Medicines and from the Social Insurance Institution (tables 2 and 3) [19] . These sales statistics are based on sales from wholesalers to pharmacies on an annual basis. Antimicrobial consumption is expressed in defined daily doses per 1000 inhabitants per day.
MATERIALS AND METHODS

Macrolide
Statistical analysis. The regional erythromycin resistance levels of S. pyogenes were compared with the pooled regional consumption data for all macrolides and, separately, with the use of azithromycin. The association between resistance and macrolide or azithromycin consumption was studied by a 2-pattern approach: the regional resistance rates of 1 year were compared with the regional consumption of the previous year, and to the average consumption of the 2 previous years. In the year 2000, the central hospital districts of Helsinki and Uusimaa were united. This administrative arrangement put a large proportion of Finland's population in the same central hospital district. As a result, the statistics concerning drug consumption and the resistance data of this new district could be obtained only in a combined form from the years 2000 and on. This reduced the number of the resistance-consumption study units by one in the years 2000 and 2001. In tables 1-3, the combined numbers are placed under the title Uusimaa.
The actual number of tested strains was not included in the statistical analysis; the fraction of resistant strains was used instead. By using this procedure, we wanted to avoid bias, which derives from the fact that the laboratories in the densely inhabited central hospital districts test more strains than do the laboratories in sparsely inhabited areas and, therefore, would get more emphasis. Moreover, data from Lapland for 1999 and 2000 were not included because the number of tested strains was considered to be too small (table 1) .
A linear mixed model for repeated measures was used in modeling the association between resistance and the use of antimicrobials. The fraction of resistant strains was taken as the dependent variable; antimicrobial consumption and time were the explanatory variables. A random-effects model with intercept and time as random effects was fitted. The distribution of resistance was skewed, and a square root transformation was thus applied.
Mixed models were fitted by Proc Mixed in the SAS System for Windows, version 8.02 (SAS Institute). The level of statistical significance was set at .05.
RESULTS
During the 5-year study period, the rates of erythromycin resistance in S. pyogenes in the whole country of Finland were There was a statistically significant association between regional erythromycin resistance in S. pyogenes and regional use of macrolides (table 4) . This was shown both in the comparison of the resistance to the consumption of the previous year ( ) and the mean rate of use during the 2 previous years P p .016 ( ). The estimates were positive, indicating that the P p .003 higher the previous drug consumption had been, the higher the level of resistance. A statistically significant association was not found between erythromycin resistance and the use of azithromycin (table 5) with regard to both use during the previous year ( ) and the mean rate of use during the 2 P p .186 previous years ( ). P p .119 The linear change of resistance over the time period of this study was not significant-that is, when controlling for the drug consumption, time as such did not explain the level of resistance (tables 4 and 5).
DISCUSSION
This study is among the first in which the relationship between outpatient antimicrobial use and resistance has been investigated over a period of several years. Although on a national level, macrolide use remained rather steady during the study period, we found a statistically significant association between regional erythromycin resistance in S. pyogenes and the regional use of macrolides. This parallels our previous findings in Finland [2] and the findings of Granizo et al. [4] , who found a strong relationship between erythromycin resistance in S. pyogenes and the use of macrolides in Spain. However, in contrast to the results obtained by Granizo et al. [4] , regional azithromycin use alone did not have a significant association with the regional resistance levels in our study. In previous studies of community-acquired Streptococcus pneumoniae, there has also been found an association between erythromycin resistance and total macrolide use in Finland [6] , Spain [9, 21] , and Germany [18] , as well as between erythromycin resistance and consumption of long-acting macrolides in Spain [9, 21] and Germany [18] .
Cižman [10] suggests that the association between longacting macrolides and the selection of macrolide resistance may be explained by the concept of selective windows: when an antimicrobial agent has a low maximum concentration and a long half-life, it has a longer selective window and therefore is more likely to select resistance. Azithromycin belongs to these long-acting macrolides and would therefore be a main contributor in the selection of macrolide resistance. Although our study does not support this suggestion, it is possible that azithromycin use levels need to exceed a certain threshold to trigger the emergence of resistance [22, 23] . Another reason for the discrepancy may be that the use of macrolides for S. pyogenes infections has decreased in Finland in the past few years [24] , which means that macrolide-resistant isolates are selected only when carriers of S. pyogenes are treated with macrolides for infections caused by other respiratory pathogens. Because of the convenience in dosing, it is possible that azithromycin is more commonly used for very young children than for schoolage children. Because school-age children are known to have a higher pharyngeal carriage rate of S. pyogenes than are younger children, it may be that the selection pressure caused by azithromycin is not as strong as that of the other macrolides in the case of S. pyogenes in Finland. Time itself did not explain the level of resistance in our study; when controlling for the drug consumption, there was no significant linear change in the resistance level. Nevertheless, although the P value for time was not significant, there might be a trend toward decreased resistance over this time period.
In many previous studies, the antimicrobial use-resistance relationship has been studied by a relatively straightforward approach. A common way to analyze the association seems to be the calculation of nonparametric correlations between the 2 variants [4, 6, 18] . In this study, we have used a linear mixed model for repeated measures in the statistical analysis. In this kind of modeling, we are able to consider the nature of repeated measures and allow subject-specific parameters.
However, there are some factors in this study setting that may have biased the results. First, the figures used for the antimicrobial use are figures of sales from different central hospital districts. They do not represent the actual amount of antimicrobials really used in the area. Second, all the antimicrobial drugs sold in a central hospital district are not necessarily used in that area, because patients can freely choose the pharmacy where they buy their medication. Third, people may freely travel, and in favorable circumstances, they may transfer resistant strains even without the effect of selection pressure by antimicrobial drugs.
The time gap between the introduction of a new antimicrobial agent and subsequently emerging resistance is not well known. By use of 2 study approaches-that is, by comparing resistance data to the consumption of the previous year and to the mean consumption of 2 previous years-we wanted to find out which of these 2 methods would better explain the level of resistance. Our findings show that the models of comparing resistance data to the previous year's and the 2 previous years' consumption lead to similar outcome. It would have been interesting to study the relationship also within shorter time periods-for example, by the use of monthly data-because the emergence of resistance does not, at least in some cases, necessarily need a long time span. However, the data available to us did not provide this opportunity, because the consumption rates are currently published only annually. In addition, the consumption figures are based on the sales from wholesalers to pharmacies; therefore, the reliability of the consumption data concerning shorter time periods than a year would be weaker. The question about the most ideal study approach remains to be solved. To better understand the temporal relationships between drug consumption and resistance trends, epidemiological research should be closely connected to biological as well as mathematical methods.
The relationship between antimicrobial resistance and use is very complex. However, by using this research frame and these statistical methods, we can claim with some confidence that the connection really exists. In addition, in this study, we have taken advantage of the availability of Finnish national data on antimicrobial resistance and use; similar data are not available to this extent in all countries of the world. We hope that, with this study, we have taken a step toward a better understanding of the complicated question of how resistance emerges. 
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